Background {#Sec1}
==========

Social interactions play a central role in the everyday life of many organisms, and exposure to conspecifics is critically important for behavioral development during ontogeny \[[@CR1], [@CR2]\]. Rodents are social animals that normally live in groups and are reared together. They interact with conspecific individuals after birth or hatching. Thus, social isolation (i.e., the deprivation of social contact) during rodent adolescence is a highly stressful circumstance that affects behavior and structural and functional brain development \[[@CR3]--[@CR7]\]. Behavioral and functional brain changes in rodents by social isolation rearing have been characterized and include enhanced aggressive and anxious behavior \[[@CR8]--[@CR10]\], increased locomotor activity \[[@CR11], [@CR12]\], deficits in sensorimotor gating \[[@CR13]--[@CR15]\], and cognitive dysfunction \[[@CR16], [@CR17]\].

Cognitive flexibility, an essential executive brain function that contributes to changing the behavior of an organism depending on situational demands, is very important for rodent survival in complex and constantly changing surroundings. Cognitive flexibility may facilitate survival problem solving in rodents by altering their strategies in response to changes in external rules or internal conditions \[[@CR18]--[@CR20]\]. Previously, several studies have used rodent models to investigate the influence of social isolation on cognitive flexibility and reported behavioral impairments in reversal learning tasks after isolation rearing \[[@CR21], [@CR22]\]. For example, Li and colleagues \[[@CR22]\] reported that isolation rearing impaired the reversal learning of adult rats in a rotating T-maze task. A study by Han et al. showed reversal learning impairment in rats following brief, early isolation rearing using a forced swimming task \[[@CR23]\]. Reversal learning tasks are usually used to assess the cognitive flexibility of experimental animals. These tasks require the animals to first to learn a reward contingency and then to detect it after it has been switched to its exact opposite, that is, the response that was previously associated with a reward is now associated with a non-reward, and vice versa \[[@CR24]\]. However, cognitive flexibility, especially in real problem solving, is not restricted to shifting between a constrained set of options (constrained cognitive flexibility). It is also involved in complex situations in which there is a broader, unconstrained set of possible solutions (unconstrained cognitive flexibility) that require a novel solution \[[@CR25]\]. The distinct features of these two aspects of flexibility may indicate that they are distinct cognitive processes governed by distinct neural mechanisms. However, the unconstrained cognitive flexibility of rodents following social isolation rearing is still unknown. Thus, in the present study, we examined unconstrained cognitive flexibility in mice reared under social isolation with the use of a novel digging task in which the rodent must develop a novel solution in order to obtain the reward \[[@CR25]\].

In rodents, novel solutions to a problem (task) have been reported to be related to novel exploratory behaviors, and a positive correlation was found \[[@CR26]\]. Moreover, some other studies in rodents reported increased exploratory or investigatory behaviors following social isolation \[[@CR27], [@CR28]\]. We, therefore, hypothesize that isolation rearing influences the performance of rodents in the novel digging task by increasing exploratory behavior, which reflects the unconstrained cognitive flexibility of the mice.

Methods {#Sec2}
=======

Animals and grouping {#Sec3}
--------------------

Twenty Kunming mice (*Mus musculus*, *Km*; both sexes; weaning age, 21 days old) purchased from the Center for Disease Control and Prevention of the Hubei province of China were used in the study. They were randomly divided into two groups: isolation-reared group (isolates, *n* = 10) and socially reared group (socials, *n* = 10). Each isolate was housed in a single plastic cage (26 cm × 16 cm × 12 cm) with sawdust covering the bottom of the cage, whereas five socials were house together in the same type of cage. The isolates and socials were kept in the same room (isolation-reared mice were able to smell, hear, and even see the other mice) with a natural light cycle and free access to food and water. The mice were allowed to reach a body weight of at least 35 g before food restriction, which was imposed at 6 weeks postweaning to maintain the mice at 85% of their free-feed body weight. The unconstrained cognitive flexibility test (novel digging task) started 8 weeks after weaning. After this test, the mice were transferred to the hole-board apparatus and the elevated plus maze to examine their exploratory behaviors. The ambient temperature was maintained at 20--25 °C.

Unconstrained cognitive flexibility test {#Sec4}
----------------------------------------

The apparatus for the unconstrained cognitive flexibility test was a custom-built white Plexiglas cage modified according to Hecht et al. \[[@CR25]\] and Thompson et al. \[[@CR29]\], as shown in Fig. [1](#Fig1){ref-type="fig"}. The apparatus was 50 cm × 10 cm × 25 cm (l × w × h). A removable white wall separated one-third of the apparatus as a start box, in which the mouse was placed in while the apparatus was cleaned following each training or test trial. The rest area with a reward pot (5 cm in diameter, 2 cm in depth) placed at the end of the apparatus was used for the unconstrained cognitive flexibility test. When tests started by removing the wall, the test area was exposed revealing two ramps at either end that sloped downward toward the center. A Plexiglas panel was placed in the middle of the ramp allowing 4 cm of open space at the bottom of the ramp. The mice had to pass the open space of the ramps to reach the reward pot at the end of the apparatus. Fig. 1Schematic diagram of the testing apparatus for unconstrained cognitive flexibility viewed from above (**a**) and from the side (**b**). Dimensions of the apparatus was 50 cm × 10 cm × 25 cm (l × w × h). A removable plexiglas wall separated one-third of the apparatus to make a start box. When the wall was removed, the test area was exposed, consisting of a ramp leading to the reward pot at the end of the apparatus. A panel was placed in the middle of the ramp making 4 cm of open space at the bottom of the ramp. For the digging task on test day, the ramp was covered by sawdust to a height of 6 cm from the bottom to restrict access to the reward pot

The testing procedure required a total of 3 days to complete for each mouse, consisting of 2 training days and 1 testing day. Before all of the training and testing procedures, the mice were transferred to the testing room and allowed to habituate for 30 min. On training day 1, the mice were given 12 trials to retrieve the reward from the pot in the apparatus after 5 min of habituation in the start box, with guidance if necessary. During the training, the floor of the ramp in the apparatus was lightly coated with sawdust, thus permitting the mice to freely walk down the apparatus without having to dig to access the reward pot. After the training, the mice were transferred to their home cages and then back to their housing room. On training day 2, the mice were given six trials to retrieve the reward from the pot after 5 min of habituation in the start box. The floor of the ramp in the apparatus was still lightly coated with sawdust allowing the mice to freely walk down the apparatus to access the reward pot. On the testing day, instead of being lightly coated with sawdust, the ramp in the apparatus was covered by sawdust to a height of 6 cm from the bottom to block the 4 cm open space of the ramp leading to the reward pot at the end of the apparatus. The mice started from the start box and were given 30 min to finish the task of digging through the sawdust to retrieve the reward from the pot at the end of the apparatus. The time it took to retrieve the reward was marked as the completion time.

Hole board test {#Sec5}
---------------

The hole board test was used to examine the exploratory behavior of the mice following different raising conditions. The test apparatus comprised a plexiglas box (50 cm × 50 cm × 50 cm) with four 3 cm diameter holes that were equally spaced on the floor. For test, each mouse was placed in the center of the apparatus and allowed a free exploration for 5 min. The number of head dips (HDs) and rearing activity (RE) (the mice stood on their hind paws) and the latency to first HD were recorded as indicators of exploratory behaviors. The apparatus was cleaned with 75% alcohol after each trial.

Elevated plus maze {#Sec6}
------------------

The elevated plus maze was also used to test the exploratory behavior of the mice. The apparatus was a cross-shaped platform placed 50 cm above the ground, consisting of two open (30 cm × 6 cm, l × w) and two closed arms (30 cm × 6 cm × 10 cm, l × w × h) connected by a central open platform (5 cm × 5 cm). Before the test, the mice were transferred to the test room for 3 h of habituation. Then, the mice were put on the central platform heading to the open arm and were allowed 5 min to explore the apparatus. During that period, the number of HDs on the open arms and central platform and RE on the closed arms were recorded as indicators of exploratory behavior. In addition, the total number of times that the mice entered the open (OE) and closed arms (CE) and the time staying on the open (OT) and closed arms (CT) were recorded, and ΔE ((OE − CE)/(OE + CE)) and ΔT ((OT-CT)/(OT + CT)) were also calculated as indicators of exploratory behavior. The apparatus was cleaned with 75% alcohol after each trial.

Statistical analysis {#Sec7}
--------------------

Data were analyzed and plotted with SPSS 13.0 and SigmaPlot 10.0, respectively. To examine the effects of rearing condition on the success rate of the digging task and latency to solve the digging task, Cox's *F*-test survival analysis was conducted. A one-way ANOVA was used to examine the effects of rearing condition on exploratory behavior as determined by the hole-board test and elevated plus maze test. Furthermore, to determine whether the performance of the mice on the hole-board test and elevated plus maze test predicted the ability of the mice to solve the digging task, a regression analysis was conducted. The significance level was set at *P* \< 0.05.

Results {#Sec8}
=======

To determine the influence of social isolation on unconstrained cognitive flexibility, the performance of the isolated mice in a novel digging task was examined and compared to that of the socially reared control mice. Results showed that isolation significantly improved the performance of the mice in the novel digging task compared with the social controls, as shown in Fig. [2](#Fig2){ref-type="fig"}. The success rate of solving the digging task of the isolated mice reached 90% while the socially reared mice had a success rate of 60% (Cox's *F*-test, *P* = 0.038). Fig. 2Cumulative proportion of mice reared under different conditions that solved the novel digging task. The success rate of the isolated mice (iso, black line) was significant higher than the mice reared socially (soc, gray line) (Cox's *F*-test, *P* = 0.038)

To determine whether the better performance of the isolated mice in the digging task was related to changes in exploratory behavior, the exploratory behavior of the mice under different rearing conditions was examined by the hole-board (HB) and elevated plus maze (EPM) tests, and then correlations between performance in the digging task and exploratory behavior were examined. In the hole-board test, although latency to the first head dip (HD) had no significant difference between the social and isolated mice (one-way ANOVA, *F*~1,18~ = 0.014, *P* = 0.909; Fig. [3](#Fig3){ref-type="fig"}a), the total number of HDs and rearing (RE) displays of the isolated mice were significantly higher than that of the social mice (one-way ANOVA, *F*~1,18~ = 5.153, *P* = 0.036 and *F*~1,18~ = 7.347, *P* = 0.014; Fig. [3](#Fig3){ref-type="fig"}b), illustrating that social isolation increased the exploratory behavior of the mice. Similarly, the elevated plus maze test also demonstrated an increase in the exploratory behavior of the isolated mice. The values of ΔE and ΔT (see Methods for details; one-way ANOVA, *F*~1,18~ = 35.197, *P* \< 0.001 and *F*~1,18~ = 20.301, *P* \< 0.001; Fig. [4](#Fig4){ref-type="fig"}a) and the total number of HDs (one-way ANOVA, *F*~1,18~ = 5.028, *P* = 0.038; Fig. [4](#Fig4){ref-type="fig"}b) of the isolated mice in the elevated plus maze test were significantly greater than that of the social mice. The regression analysis revealed that the time it took the mice to complete the digging task had a negative association with exploratory behavior (liner regression analysis, *R*^*2*^ = 0.25--0.32, *P* = 0.010--0.042; Fig. [5](#Fig5){ref-type="fig"}). That is, the mice that completed the digging task the fastest showed more exploratory behavior than those that completed the task slowly or not at all. As expected, this suggests that isolation rearing influenced the unconstrained cognitive flexibility of the mice by increasing their exploratory behavior. Fig. 3Comparison of exploratory behavior of mice reared under different conditions in the hole board test. **a**: box plots show the distribution of latency to first head dip (HD) of mice in socially reared (soc) and isolation-reared (iso) groups. Solid lines in the boxes are median lines; dashed lines in the boxes are mean lines. **b**: the distribution of rearing activity (RE) and HDs of mice in socially reared (gray circles) and isolation-reared groups (black circles). The triangles show the mean values of the RE and HDs of mice and the error bars indicate the standard deviations Fig. 4Comparison of exploratory behavior of mice reared socially (gray circles) and in isolation (black circles) in the elevated plus maze test. **a**: the distribution of ΔE and ΔT of mice in the two groups which were calculated according to the times the mice entering into open and closed arms in the elevated plus maze and the time the mice stayed there (see Methods for details). The dashed lines indicate the zero of ΔE and ΔT. **b**: the distribution of RE and HDs of mice in the two groups. The triangles show the mean values and the error bars indicate the standard deviations Fig. 5Relationship of time that mice spent in the novel digging task to the exploratory behavior level detected utilizing the hole board (HB) (**a**, **b**, **c** and **d**) and elevated plus maze (EPM) (**e** and **f**) tests. Solid lines, regression lines; *R*^*2*^, determination coefficient; *P*, significant level

Discussion {#Sec9}
==========

This study was designed to examine how social isolation rearing affects unconstrained cognitive flexibility in mice utilizing a novel problem-solving task, which is analogous to the tasks recently utilized to examine creative problem solving in other animals, such as the rook and the elephant \[[@CR30], [@CR31]\]. To accomplish this goal, the mice were randomly assigned to be reared socially or in isolation after weaning for 8 weeks. Subsequently, they were asked to complete a novel digging task, in which the mice had limited experience and were required to develop a novel solution of digging through sawdust to obtain the reward. The results demonstrated that the mice reared in isolation were faster and more successful in completing the digging task (Fig. [2](#Fig2){ref-type="fig"}), suggesting that isolation rearing positively affects unconstrained cognitive flexibility.

Social isolation is usually considered as a negative stressor that causes several kinds of behavioral and neural functional disorders in humans and animals, including enhanced aggressive behavior \[[@CR10], [@CR32], [@CR33]\] and locomotor activity \[[@CR11], [@CR12], [@CR34], [@CR35]\], sensorimotor gating deficiencies \[[@CR13]--[@CR15], [@CR36]--[@CR38]\], and cognitive dysfunction \[[@CR16], [@CR17], [@CR39], [@CR40]\]. However, in the present study, greater unconstrained cognitive flexibility was found in isolated mice than in social mice, suggesting that, contrary to previous studies, social isolation could induce a positive effect on some cognition processes. To investigate the mechanisms underlying the improved unconstrained cognitive flexibility, the exploratory behavior of the mice reared socially and that of the mice reared in isolation were examined and their relationship to the performance of the mice in the novel digging task was examined. Results showed that the isolation significantly increased the exploratory behavior of the mice (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}), consistent with previous findings \[[@CR12], [@CR41]\], and the mice with high levels of exploratory behavior were faster at solving the novel digging problem (Fig. [5](#Fig5){ref-type="fig"}). This indicated that the increase in the exploratory behavior of the mice reared in isolation was associated with or contributed to the increased unconstrained cognitive flexibility. Previously, neural physiological and pharmacological studies have shown that social isolation could decrease inhibitory control in mice \[[@CR23], [@CR42], [@CR43]\]. Such inhibitory deficits may cause a decrease in novel habituation likely inducing a persistence in exploration, which was shown to benefit novel problem solving \[[@CR28], [@CR44], [@CR45]\]. Novel problem solving that requires more remote potential options reflects the ability of unconstrained cognitive flexibility \[[@CR25]\]. Thus, it is conceivable that inhibitory control deficits might be the neural basis for increases in novel exploration and subsequently for the improvement in unconstrained flexibility. Moreover, as gregarious animals, mice normally live in groups and are adapted to supporting and interacting with conspecific individuals \[[@CR1]--[@CR3], [@CR46], [@CR47]\]. However, isolation rearing would interrupt these relationships and individual mice would be forced to navigate their the complex surroundings and survival problems alone, which may increase investigation motivation to compensate for the absence of social support \[[@CR12], [@CR41]\]. That might be another potential basis to cause the exploration enhancement and the subsequent improvement of unconstrained cognitive flexibility. Certainly, it is necessary to further investigate the specific neural mechanisms that lead to increased exploration following isolation rearing.

Although previous studies have shown that social isolation leads to increased exploratory behavior, a completely opposite trend in cognitive flexibility to that reported here was found \[[@CR22], [@CR23], [@CR41]\]. We postulate that this inconsistency is due to the different aspects of cognitive flexibility that were investigated in these studies and ours. Cognitive flexibility can be separated into two relatively mutually independent groups: constrained and unconstrained cognitive flexibility \[[@CR24], [@CR25]\]. Constrained cognitive flexibility is the set-shifting ability of cognition between a limited and constrained set of options. It is usually assessed by reversal learning tasks \[[@CR22], [@CR48]\]. Unconstrained cognitive flexibility requires the capacity to access more remote potential alternatives or an unconstrained set of possible solutions and is usually measured utilizing novel problem-solving tasks \[[@CR25]\]. The distinct features of constrained and unconstrained cognitive flexibility may determine distinct neural and cognitive effects by an increase in exploratory behaviors. As mentioned above, extensive deficits in the inhibitory control of mice could be induced following social isolation \[[@CR42], [@CR43]\]. Such inhibitory control deficits, especially attentional inhibitory deficits, would constrain the perseveration of exploratory behavior to one set option due to the inability to effectively inhibit previously learned experiences, which is detrimental to set shifting between two constrained options \[[@CR22], [@CR49]\]. In addition, increases in exploration would further augment this perseveration. Thus, constrained cognitive flexibility in mice would possibly be impaired by increased exploratory behavior after isolation rearing. However, in the novel digging task that was used to model unconstrained cognitive flexibility, it was not necessary to inhibit the previously learned experiences of the mice for them to solve the novel digging problem. Therefore, the increase in exploration may directly improve the performance of the mice in the novel digging task \[[@CR44], [@CR45]\].

Notably, one point emerging from our results deserves further consideration. In the present study, differences in unconstrained cognitive flexibility were found between mice reared socially and in isolation. We do not interpret these findings in terms of decreases in anxiety, despite the fact that the isolated mice preferred to enter and stay on the open arm in the elevated plus maze task compared to the social mice (Fig. [4](#Fig4){ref-type="fig"}) \[[@CR50]--[@CR52]\]. Instead, our findings suggested that the exploratory demand/behavior of the mice increased considerably and that overrode any effects caused by increased anxiety. In the present study, we found that the exploratory demand/behavior of the mice increased following isolation rearing, but no significant difference was observed in latency to the first HD during the hole-board test (Fig. [3](#Fig3){ref-type="fig"}a), which conformed with the behavioral performance of mice with increased anxiety \[[@CR41], [@CR53], [@CR54]\]. Moreover, previous animal studies also confirmed that social isolation could increase exploratory behavior as well as anxiety-related behavior in several behavioral tests \[[@CR41], [@CR55]\]. All of these reports support the conclusion that social isolation rearing could improve the unconstrained cognitive flexibility performance of mice by increasing their exploratory behavior, not by reducing anxiety. This further illustrates that the alteration of anxiety induced by social isolation was not the primary factor that influenced the unconstrained cognitive flexibility performance of the mice in this study. However, future studies are necessary to monitor various behavioral markers of anxiety to see how they relate to unconstrained cognitive flexibility performance. In addition to anxiety, other potential negative effects induced by isolation should also be monitored in future studies.

In the present study, we found that social isolation improved the unconstrained cognitive flexibility of mice and that this was related to an increase in exploratory behavior. Our finding provides an alternative viewpoint to the other studies that reported negative effects on constrained cognitive flexibility. This suggests that, even as a traditional negative stressor, social isolation can induce positive effects on cognition and behavior \[[@CR21]--[@CR23]\]. What is the neural basis of such novel findings? Neurochemistry changes in the brains of rodents reared under social isolation that parallel the behavioral effects caused by social isolation have been shown in previous studies, such as dopaminergic, serotonin, and adrenergic functional changes \[[@CR4]\]. Future studies are necessary to examine whether these or other specific neurochemical alterations account for changes in unconstrained cognitive flexibility performance.

Conclusion {#Sec10}
==========

Social isolation is usually considered a negative stressor that causes several kinds of behavioral and neural functional disorders in human and animals. However, in the present study, increased unconstrained cognitive flexibility was found in mice that were reared in isolation and this was related to an increase in exploratory behavior. Our results suggest that, contrary to only inducing negative effects, social isolation can also induce positive effects on cognition processes and behavior. Such effects may reflect the behavioral and cognitive evolutionary adaptation of rodents to survive in complex and stressful situations.
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